The 5' end of the Chinese hamster ovary aprt gene was sequenced and transcription start sites were determined by both Si nuclease protection and primer extension assays. Deletion mutants covering the same area were constructed, and adenine phosphoribosyltransferase (APRT) or chloramphenicol acetyltransferase (CAT) activity was measured by transient-expression assays. The aprt gene uses a single cluster of transcription start sites and lacks consensus sequences such as TATA and CCAAT, which are general components of eucaryotic promoters. The 5' deletion mutations of the promoter sequences demonstrated that (i) there is no decrease in either APRT activity or transcription extending to position -89 (relative to the main transcription start site); (ii) an additional 29-base-pair (bp) deletion decreases APRT activity and transcription twofold; and (iii) a deletion past the transcription start sites (P5'A+27) abolishes both APRT activity and transcription, indicating that a 60-bp fragment immediately upstream of the main transcription start site is involved in basic transcription and a 29-bp fragment just upstream of the 60 bp-fragment stimulates transcription twofold. The 3' deletion mutations showed that a deletion of a 61-bp fragment in the 5' leader and coding sequence abolishes the efficient translation of an aprt-CAT gene transcript. In addition, there are two polyadenylation signals at the genomic 3' end, with the proximal one being sufficient for functional polyadenylation.
Adenine phosphoribosyltransferase (EC 2.4.2.7.; APRT) catalyzes the condensation of adenine with phosphoribosyl PP1 to form AMP and PP,. The inherited deficiency of APRT in humans can result in the formation of 2,8-dihydroxyadenine kidney stones (34) . APRT is constitutively expressed in all adult tissues with only moderate tissue-to-tissue variations in activity (31) . Because of the availability of the de novo purine biosynthetic pathway, purine salvage activity is dispensable in most cells. However, in the protozoan parasites Trypanosoma cruzi and Tritrichomonas foetus, purine biosynthesis occurs only by the purine salvage pathway (15, 38) , indicating the importance of purine salvage enzymes.
In higher eucaryotes, TATA, CCAAT, and enhancer sequences have emerged as common components for transcriptional regulation of many (but not all) genes. Protein factors which bind to these sequences and are involved in controlling the level of polymerase II transcription have been characterized (19, 32, 33) . These sequences and enhancers have been observed primarily in viral genes and tissue-specific genes which require tissue-specific factors for their expression. There are, however, many genes lacking these consensus sequences (10, 18, 30) . Some of these genes are "housekeeping genes," which are defined as genes expressed in all tissues of an organism (4). However, some housekeeping genes do have TATA and CCAAT consensus sequences (30) . Since housekeeping genes are active in all cells, it was of interest to investigate what cis-or transacting signals are involved in the expression of genes lacking the above consensus sequences.
Using a series of deletion mutations at the 5' end of the CHO aprt gene and a series of chloramphenical acetyltransferase (CAT) constructs containing variable segments of the putative APRT promoter region, we report that in the aprt gene (i) there is a single cluster of transcription start sites, (ii) there is no decrease in either APRT activity or transcription in mutants with deletions extending to position -89 (relative * Corresponding author.
to the main transcription start site), (iii) an additional 29-bp deletion decreases APRT activity and transcription twofold, (iv) a deletion of a 61-bp fragment in the 5' leader and coding sequence abolishes the efficient translation of the aprtpromoter-CAT transcript, and (v) the proximal polyadenylation signal is sufficient for functional polyadenylation.
MATERIALS AND METHODS
Cell culture. Wild-type CHO cells and CHO APRT-cells were maintained in F-12 medium supplemented with 10% fetal calf serum. Wild-type L cells and LAPRT-TK-(LA-T-) cells were grown in Dulbecco modified Eagle medium supplemented with 10% fetal calf serum.
DNA sequencing. The 413-base-pair (bp) BamHI-PvuII fragment at the 5' end of the CHO aprt gene was end labeled at both ends, strand separated, and sequenced by the method of Maxam and Gilbert (24) . S1 nuclease protection analysis. The 403-bp Hinfl-BamHI fragment (see Fig. 2 ) was used as a probe. The fragment was 5' end labeled at both ends and strand separated. The probe, labeled at the Hinfl site (105 cpm), was mixed with RNA in 30 ,ul of 80% formamide-0.4 M NaCl-40 mM piperazine-N,N'-bis(2-ethanesulfonic acid) (PIPES; pH 6.4)-i mM EDTA. The mixture was denatured at 85°C for 15 min and incubated at 52°C for 18 h. Si nuclease digestion and analysis of Si-protected DNA fragments were performed as described previously (39) . S1 digestion buffer (0.6 ml) containing 2,000 U of Si nuclease per ml was added to the mixture, and digestion was carried out at 37°C for 1 h. After phenol-chloroform extraction and ethanol precipitation, protected fragments were resolved on a 6% polyacrylamide gel containing 8 M urea.
Primer extension analysis. Two primers were used, the 44-bp MspI-PvuII fragment and the 47-bp Hinfl-FokI fragment (see Fig. 2 25 ,ul of cell extract and incubated at 37°C for 10 min. The reaction was terminated by the addition of 0.5 ml of 0.5 M sodium acetate, 2 mM sodium phosphate (pH 5), and 0.1 ml of 0.5 M LaCl. Samples were precipitated on ice for 15 min, and the reaction contents were filtered through Whatman GF/C filters, dried, and counted in 3 ml of 2,5-diphenyloxazole (PPO)-toluene.
CAT assay. The CAT assay was done by the method of Gorman et al. (14) .
RNA isolation. RNA was prepared from the wild-type CHO cells or CHO APRT-or LA-T-cells transformed with the CHO aprt plasmid DNA by the guanidium-CsCl method (13) , except that the final concentration of the cell lysis buffer was 4 M guanidium thiocyanate, 25 mM sodium citrate (pH 7), 0.5% Sarkosyl, 0.1 M P-mercaptoethanol.
Poly(A)+ RNA was purified by oligo(dT) column chromatography (23) .
Northern blot analysis. Northern (RNA) blot analysis was performed by the method described by Maniatis et al. (23) . RNA h; second, lx SET-i x Denhardt solution-0. 1% sodium PP,-25 mM sodium phosphate (pH 6.5) for 1 h; and finally, 0.1 x SET-lx Denhardt solution-0.1% sodium PPr25 mM sodium phosphate (pH 6.5) for 1 h. The filters were air dried and exposed to X-ray film at -70°C with an intensifying screen. Each blot was used with two probes. After the blots were hybridized to one probe, the hybridized probe was removed (37) . RESULTS 5' end sequence. The CHO aprt gene clone, pHAPRT-1, used in this research was isolated and characterized by Lowy et al. (22) . The genomic aprt DNA has five exons interrupted by four introns and has two potential polyadenylation signals at the 3' end (29) (Fig. 1) . The 5' end of the gene was resequenced and found to be identical to that published (29) (Fig. 2 ). There are four AUG initiation codons VOL. 8, 1988 . To map the 5' end of the aprt mRNA, we analyzed CHO mRNA by using Si nuclease protection and primer extension. In the Si nuclease protection analysis, the probe labeled at the Hinfl site was hybridized to poly(A)+ RNA (Fig. 3, Legend) . Two fragments of 74 and 75 bp in length were protected and located 64 and 65 nucleotides 5' of the authentic AUG codon. To confirm the Si nuclease protection, we carried out primer extension by using two different primers and CHO poly(A)+ RNA (Fig. 4) . When primer A was used (Fig. 2) tides away from the authentic AUG codon. When primer B was used (Fig. 2) , multiple extended DNA fragments were detected with a size range of 78 to 140 nucleotides when CHO poly(A)+ RNA was used as templates (lanes 5 and 6 and lanes 8 and 9; lanes 7, 8, and 9 are a longer run of the samples in lanes 4, 5, and 6, respectively, showing better resolution). However, no fragments were extended with E. coli tRNA (lanes 4 and 7) .
The longest fragments extended with primer B, of 131, 132, 135, and 140 bp in length, are located 64, 65, 68, and 73 nucleotides, respectively, away from the authentic AUG codon matching the fragments extended with primer A.
Other shorter fragments extended with primer B could be (Fig. 5) . The deletion mutations were tested for the expression of APRT activity and the production of aprt mRNA after transfectio'n of LA-T-cells. The results of the transformation experiments are presented in Table 1 sequences; = = = =, coding sequence of the aprt gene.
--------------ATG======== deletion mutants, although the absolute APRT activity in CHO APRT-cells was three-to fourfold less than that in LA-T-cells owing to the inherently less efficient transformation of CHO cells (1).
To examine whether transcription of the transfected deletion mutants in LA-T-cells started at the authentic sites and to quantitate the aprt transcripts made, we carried out an Si nuclease protection assay (Fig. 6) . The data clearly showed that transcription started at the same sites as in CHO cells and that the relative amount of aprt transcripts paralleled the relative APRT activity.
3' boundaries of the aprt promoter. To define the 3' boundary of the aprt promoter and to examine which sequences were necessary for transcription and translation, we made a series of CAT constructs in which expression of CAT was under the control of the CHO aprt promoter sequence (Fig. 7) . pSV2-CAT was used as a control. When the CAT gene was joined to the complete aprt promoter (p3'A+85 or p3'A+59), the levels of CAT activity were comparable to that of the control, pSV2-CAT (Table 2) . However, fusion of CAT to an aprt promoter deletion (either p3'A+24 or p3'zA-57) had no activity (Fig. 8) . That the construct, p3'A-57, should have no CAT activity was to be expected, since the data from 5 MOL. CELL. BIOL. appears to have all the aprt promoter components including Spl-binding sites and the aprt mRNA transcription start sites, showed no CAT activity was surprising. To determine the reason why mutant p3'A+24 had such low CAT activity, we quantitated transcripts of each mutant by Northern blot analysis (Fig. 9) . The amount of transcript made in LA-Tcells transfected with p3'A+24 was similar to levels seen in cells transfected with mutants p3'A+85 and p3'A+59, implying that the difference in CAT activity in those mutants must be due to differences in translational efficiency.
In some genes (e.g., SV40 genes, dhfr, mouse c-Ki-ras gene) (7, 12, 16) which have CCGCCC or GGGCGG sequences as components of their promoters, transcription occurs bidirectionally, even though the functional impor-FIG. 9 . Northern blot analysis of aprt-CAT RNA in LA-Tcells. Cytoplasmic RNA (20 p.g) isolated from LA-T-cells cotransformed with 2 ,ug of the 3' deletion mutants digested with SphI along with 1 ,ug of undigested herpes simplex virus thymidine kinase plasmid was run on a 1% formaldehyde-agarose gel and subjected to blot hybridization with 32P-labeled p3'A-56 probe. After removal of the p3'A-56 probe, the herpes simplex virus thymidine kinase probe was used for herpes simplex virus thymidine kinase mRNA. The herpes simplex virus thymidine kinase mRNA was used as an internal control (upper bands). Lower bands indicate the CHO aprt promoter-CAT mRNA. Lanes: 1, p3'A-57; 2, p3'A+24; 3, p3'A+59; 4, p3'A+85. 28S and 18S rRNAs are marked. 10 . Schematic diagram of the set of genomic 3' deletion mutations of the CHO aprt gene. Numbers are in base pairs relative to the stop codon. The thymidine nucleotide of the stop codon is numbered 1. The first adenine nucleotide of each polyadenylation signal is numbered 231 or 856, and each polyadenylation signal is identified with an asterisk.
tance of the bidirectionality for the dhfr and ras genes are unknown. To test whether this is also the case with the CHO aprt gene, we fused the promoter fragment in the opposite orientation to the CAT coding sequence [p3'A+60(R)] and assayed it for CAT activity. No CAT activity was detected in the cell extract of cells transformed with this construct ( Table 2 ), indicating that the promoter of the aprt gene functions only unidirectionally.
Genetic analysis of the genomic 3' end. The CHO aprt gene has two potential polyadenylation signals at the 3' end. To define whether DNA signals necessary for expression of the CHO aprt gene are at the 3' end and whether the distal polyadenylation signal contributes to gene expression, we constructed deletion mutants from the 3' end of the gene (Fig. 10) . Northern blot analysis showed that the size of the CHO aprt transcript was about 0.9 kb (data is not shown), indicating that the polyadenylation site proximal to the stop codon was used for polyadenylation. If the distal one were used for polyadenylation, the size of the mRNA should be approximately 1.5 kb. As predicted, there was no effect of a deletion of the distal polyadenylation signal on the expression of the CHO aprt gene (Table 1 , pG3'A430). When the proximal poly(A) site was deleted, no APRT activity was detected (Table 1 , pG3'A246 and pG3'A110). DISCUSSION The aprt gene is one of the housekeeping genes, which are known to be expressed in all tissues of an organism (4). Some of those genes lack TATA and CCAAT sequences in their promoter, but have G+C-rich sequences (10, 18, 30) . These regions may be binding sites for Spl or uncharacterized protein factors or may be targets of site-specific methylation. To define the 5' and 3' boundaries of the aprt promoter, we constructed a series of 5' promoter deletion mutations by using Bal 31 exonuclease and generated a series of aprt promoter deletion-CAT structural gene constructs. The native aprt transcriptional start site was determined by both S1 mapping and primer extension assays. Two probe fragments were protected from S1 nuclease following hybridization to mRNA with lengths indicating cleavage at positions 64 and 65 nucleotides away from the authentic AUG codon. Four DNA fragments mapping to positions 64, 65, 68, and 73 nucleotides from the AUG codon were observed following reverse transcriptase extension from specific primers hybridized to aprt mRNA. Two of the four fragments, at positions 64 and 65, match the S1-protected bands, but the reason for two additional bands, at 68 and 73, is unclear. A previous report (36) unclear. However, both primer extension assays and genetic analyses argue strongly against the conclusion of Tackney et al. (36) . We also detected a protected band at -107 to -118 when samples were treated with low levels of Si nuclease (1,000 U/ml), but this band disappeared at higher concentrations of Si nuclease (3,000 U/ml), suggesting that the band could be due to secondary structure of the probe.
Genetic analysis of the 5' deletion mutants showed that (i) an essential sequence may reside in the 60-bp fragment immediately upstream of the main transcription start site and that (ii) a 29-bp fragment between nucleotides -89 and -61 stimulates the basal transcription level twofold. This 29-bp fragment contains a single potential Spl-binding site. The 3' promoter deletion mutant analysis also showed that the 60-bp fragment is necessary for transcription of the aprt promoter-CAT hybrid gene (p3'A-57), whereas the Splbinding site in the 29-bp fragment is not enough for transcription. In some housekeeping genes, such as the mouse hgprt gene and the gene encoding the mouse ribosomal protein L32, a small DNA fragment, of 39 and 36 bp respectively, is necessary for the basal level of transcription (8, 27) . There is no significant DNA homology in the 52-bp fragment of the CHO aprt gene with the equivalent of either the mouse hgprt or the ribosomal protein gene. However, the G+C content is very high in all the fragments, indicating the functional importance of the G+C-rich boxes in some housekeeping genes (3) .
The 60-bp sequence from the CHO aprt gene necessary for transcription has strong homology with sequences seen in the mouse aprt gene (9) . Of 26 nucleotides in that region, 22 are conserved in both rodent aprt genes, suggesting that this sequence could be functionally important (Fig. 11) . This conserved region of the CHO aprt gene was protected from DNase I when the 5' region of the gene was incubated with a CHO nuclear extract and digested with DNase I (J.-H. Park and M. W. Taylor, manuscript in preparation). However, the equivalent region of the human aprt gene is not strongly homologous to that of the two rodent genes, except for the octameric sequence GCCCCACC (Fig. 11) (6) .
The CCGCCC or the GGGCGG sequence is required for the expression of some genes (herpes simplex virus thymidine kinase, SV40, dhfr, and hgprt genes). The effect of these sequences is variable, since in vitro mutagenesis completely eliminated transcription in the SV40 early gene and the mouse hgprt gene and decreased transcription by 50% in the SV40 late gene (2, 11, 26, 27 (Fig. 2) (21) . However, it may have decreased the translational efficiency of the downstream AUG codon (20) . The three possibilities are currently being tested by in vitro mutagenesis. The p3'A+85 mutant has the AUG codon for the CHO aprt gene. At present, we do not know whether this AUG codon is used for translation of the p3'A+85 transcript. If it is, the product of the p3'A+85 mutant may have an additional 20 amino acids at the amino terminus with CAT activity compatible with that of pSV2-CAT or p3'A+60.
In some genes multiple polyadenylation signals are functional for one gene (30) . The 
